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Abstract 
The first green biorefinery of larch wood based on new methods of biomass fractionation on dihydroquercitin 
(DHQ), arabinogalactan (AG), microcrystalline cellulose (MCC) and soluble lignin (SL) is reported. The new green 
method of one-step isolation of DHQ and AG from larch wood by ethanol-water solution is described. The first 
results of kinetic studies and optimization of the process of extracted larch wood peroxide fractionation on MCC and 
SL in acetic acid – water medium in the presence of green TiO2 catalyst are presented. The products obtained from 
larch wood were characterized by FTIR, SEM, AFM, XRD and chemical methods. The scheme of larch wood 
biorefinery is suggested which integrates the described processes of biomass fractionation on DHQ, AG, MCC, SL 
and the yearly developed methods of polysaccharides processing to bioactive cupper and amino acid – containing 
sulfated polymers along with the methods of nanoporous materials synthesis from lignin. All these methods use such 
non-toxic and less-toxic reagents, as water, ethanol, hydrogen peroxide, acetic acid, sulfamic acid, urea. 
 
Introduction 
Annual growth of plant biomass far exceeds the requirements of mankind for fuel and chemical products 
(Naik et al. 2010; Davis et al. 2014). Actually, from the components of plant biomass it is possible to obtain the 
entire range of products of modern petrochemical synthesis, as well as unique natural compounds, in particular 
physiologically active substances. Lignocellulosic biomass mainly consists of cellulose, hemicelluloses and lignin 
(Sjostrom 1993; Rowell 2012). These plant polymers are structured in plant cells in a complex way and the 
lignocellulosic biomass is quite resistant to chemical reagents and enzymes (Pandey 2015; Furkan et al. 2015). 
Therefore, in industrial pulp and hydrolysis processes the chemically aggressive and environmentally hazardous 
reagents, elevated temperatures and pressures are used (Sixta 2006).  
Traditional catalysts for biomass transformation processes are corrosive and environmentally hazardous 
mineral acids. The problems of their use are associated with the occurrence of side reactions and the difficulties in 
separation of target products and catalyst from the reaction medium.  
Current research trends in the development of new efficient processes for the conversion of lignocellulosic 
biomass to valuable chemicals, functional polymers and bioethanol are associated with the use of solid catalysts and 
"green" reagents (Fang et al. 2016; Serrano-Ruiz and Dumesic 2011; Bessone et al. 2014). To increase the biomass 
reactivity and the area of its contact with solid catalyst, as well as to reduce the diffusion limitations in 
heterogeneous catalytic processes of biomass conversion, the various activation methods (mechanical, 
mechanochemical, chemical, etc.) are used (Ramos 2003; Zeng et al. 2009). The principle possibility of application 
of solid acid and bifunctional catalysts for hydrolysis of cellulose in aqueous medium was shown (Hu et al. 2015; 
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Gliozzi et al. 2014; Ishida et al. 2014; Liu et al. 2015). In recent year, studies are actively conducted on development 
the integrated technologies of biomass complex processing (Cherubini et al. 2009; Ed de Long et al. 2013; Zhang et 
al. 2016; Zhang et al. 2015). 
Promising integrated processes for biomass conversion include, as a key step, its fractionation on cellulose, 
sugars and lignin, from which the other various chemicals are obtained (Dagle et al. 2016; Daijang and Chen 2014; 
Xu et al. 2016, Zhang et al. 2015).  
The authors suggested to use one-stage catalytic processes of wood fractionation in the medium "hydrogen 
peroxide-acetic acid-water" (Kuznetsov et al. 2008; Kuznetsov et al. 2009; Kuznetsov et al. 2015) and in 
supercritical ethanol (Baryshnikov et al. 2014; Sharypov et al. 2015). 
Since the wood species differ in their chemical composition, and therefore in the composition of the 
products of their processing, an important task is to develop the optimal green methods for transformation the 
biomass of the most common tree species to the valuable chemicals, biofuels and functional polymers. 
Larch is the predominant coniferous species in the forests of Siberia, Canada and North America. The high 
density of the wood and the large amount of extractives complicate the use of larch wood in the pulp and hydrolysis 
industries. The most effective way of the use of larch biomass is its complex chemical processing with obtaining 
valuable physiologically active compounds and new functional polymers (Horhammer et al. 2014).  
Most of the works published in recent years are devoted to the extractive isolation of bioactive 
dihydroquercetin and arabinogalactan from larch wood (Ravber et al. 2015; Troshina and Roshchin 2014; Ma et al. 
2012). 
The task of the present study is to develop a new approach to the complex environmetally safe processing 
of larch wood, based on the integration in a single technological cycle the new "green" methods of biomass 
components conversion to a wide range of demanded products. 
 
Materials and methods 
Air-dry sawdust (fraction 2-5 mm) of larch wood (Larix sibirica Ledeb) harvested in the forest area near 
Krasnoyarsk city was used as initial raw material. Wood composition (wt%): cellulose 41.2, lignin 28.1, 
hemicellulose 26.4 (including arabinogalactan 19.9), dihydroquercetin 2.0, ash 1,0. 
Isolation of dihydroquercetin and arabinogalactan  
The flask volume of 2 liters, equipped with a reflux condenser was charged with 100 g larch wood, poured 
1.5l of water or 5–25% aqueous solution of ethanol (special purity, Sigma Tech, Russia) and heated on a steam bath 
for 2 hours. Then solution was separated from the wood and concentrated under vacuum on a rotary evaporator to 
60–80ml, while stirring it diluted with 300 ml of ethanol. The precipitated AG was separated by filtration, washed 
on a filter with 40-50 ml of ethanol and dried at room temperature. The mother solution in the amount of 400–430 
ml remaining after separation of AG, was concentrated under vacuum until complete removal of the solvent. Then to 
the flask with a dry residue was added 350–400 ml of 96% ethanol, clarified with activated carbon and heated on a 
steam bath for 10 minutes and filtered through a filter alumina oxide. The resulting solution was concentrated under 
vacuum on a rotary evaporator to completely remove ethanol. DHQ was obtained in the form of loose powder of 
light yellow color. 
 
Peroxide fractionation of larch wood 
Catalytic delignification of wood sawdust by H2O2 was carried out as in (Kuznetsov et al. 2013) using 250 
cm3 glass reactor equipped with mechanical stirrer, reflux condenser and thermometer. Wood sawdust (10 g) was 
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placed in the glass reactor. Then, a mixture of glacial acetic acid, hydrogen peroxide (all of special purity, Sigma 
Tech, Russia), distilled water and commercial TiO2 (analytical purity, DuPont, USA) was added. The reaction 
mixture was vigorously stirred (700 rpm) at selected temperature (70–100 °C) during 1–4 h. Composition of the 
reaction mixture was varied in the following range: hydrogen peroxide 3–7 wt%, acetic acid 15–40 wt%, 
liquid/wood ratio (LWR) 10–15. Concentration of TiO2 catalyst was at 1 wt%. TiO2 has an average particle size of 
about 10 microns, rutile phase composition and BET surface area of 3 m2/g. When the reaction was completed, the 
solid product was separated under vacuum using Buchner funnel and drying at 105 °C until constant weight.  
The residual lignin content in cellulosic product was used to evaluate the delignification activity of TiO2 
catalyst. The cellulosic product yield was estimated by gravimetric method and calculated as follows: Y = (m/mo)  
100, where Y – yield of cellulosic product, wt%; m – weight of abs. dry cellulosic product, g; mo – weight of abs. 
dry wood, g. 
Analytical methods 
The content of cellulose, hemicelluloses and lignin in solid products was defined chemical methods, 
generally accepted in wood chemistry (Sjoöstroöm and Alern 1999). 
X-ray diffraction analysis of cellulose products was carried out on PANalyticalX'Pert Pro diffractometer using 
Cu-Ka source (A = 0,154 nm) in the 2θ range 5–70 ° and scanning step width of 0.01 °/scan. The samples of cellulose 
were analyzed by the powder method in cuvette with 25 mm diameter. Crystallinity index (CI) was calculated from the 
ratio of the height between the intensity of the crystalline peak and total intensity after subtraction of the background 
signal (Park et al. 2010): 
CI = (I002 – IAM) / (I002), 
where I002 –is the height of the 002 peak; IAM – is the height of the minimum between the 002 and the 101 peaks.  
Infrared spectroscopy analysis (FTIR) was carried out in transmission mode. Samples of cellulose (4 mg for 
each) were prepared in pellet with matrix KBr. The spectra were recorded with Bruker Tensor – 27 in the 
range4000–400 cm–1 wavelength. Spectral data were processed by the program OPUS/YR (version 2.2). 
The electron images were obtained with scanning electron microscope TM-1000 HITACHI (Japan) with 
accelerating potential 15 kV. Samples were coated on carbon support. 
AFM images were obtained with scanning probing multimode microscope Solver P47 (NT-MDT, 
Moscow). Transparent films of samples were prepared by evaporation of their water solutions on flat support made 
from glass. The rate of scanning was 1–2 Hz and the number of points on scanning area 256 × 256 or 512 × 512. 
 
Results and discussion 
Extraction of bioactive dihydroquercitin and arabinogalactan  from larch wood 
Bioactive dihydroquercetin (DHQ) and arabinogalactan (AG) are increasingly used in medicine, 
pharmaceutical and food industries (Babkin et al. 1997; Goellner et al. 2011). AG is a promising precursor for 
synthesis of new bioactive polymers (Medvedeva et al. 2003). 
Larch wood contains to 2,5 % wt. of flavonoids and to 20 % wt. polysaccharide arabinogalactan. The 
content of  DHQ (3,3ʹ,4ʹ,5,7 – pentaoxyflavone) reaches 90 % from the sum of flavonoids.  AG is usually obtained 
by water extraction of larch wood (Medvedeva et al. 2003). The known methods of DHQ isolation are based on 
larch wood extraction by organic solvents, mainly by ethylacetate and acetone (Babkin et al. 2000; Kislitsin and 
Mal’chikov 2009; Gavrilov 2009). Oganic solvents extract together with DHQ resinous substance which 
contaminate the dihydroquercitin. In particular, the extraction of larch wood by 80-86% ethanol significantly 
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contaminated DHQ with resinous substances and complicated and lengthy purification was required to obtain the 
pure product (Gavrilov 2009).  
We developed the new green method of one-step isolation of DHQ and AG by water-ethanol extraction on 
larch wood. This method provides the simultaneous production of DHQ and AG, which are not contaminated with 
resinous substances. 
The effect of ethanol concentration in water solution on the yield of DHQ and AG from larch wood was 
studied. It was found that the maximum yield of DHQ (1.81% wt.) corresponds to the ethanol concentration of 15% 
and it does not increase with further rise of the ethanol content in the solution (Fig. 1a). However, the yield of AG 
decreases with the growth of ethanol concentration in water over 10% (Fig.1b). 
a b 
  
Fig.1 The yields of dihydroquercetin (a) and arabinogalactan (b) isolated from larch wood with ethanol-water 
solutions (extraction time 2 hours) 
As follows from the obtained data, the optimum ethanol concentration which provides a high yield of DHQ 
(1.8 wt.%) and AG (18.0 wt%) corresponds to 15%. 
It was established that a preliminary mechanical treatment of larch wood in a planetary mill for 2 min 
allows to shorten the time of the extraction of DHQ and AG from 2 to 0.5 hours without reducing their yields 
(Table.1). 
 
Table 1 Influence of ethanol concentration on the yield and degree of extraction of DHQ and AG from larch wood, 
mechanically activated for 2 min⃰ 
Concentration of 
ethanol in water, % 
Yield of DHQ from 
abs. dry wood, % 
The degree of DHQ 
extraction, % 
Yield of AG from 
abs. dry wood, % 
The degree of AG 
extraction, % 
0 0,52 26,0 18,7 94,0 
5 0,83 41,5 18,5 93,0 
10 1,3 65,0 18,3 92,0 
15 1,81 90,5 18,0 90,4 
20 1,78 89,0 16,9 84,9 
25 1,82 91,0 15,1 76,0 
⃰ extraction time 0,5 h. 
The structure of DHQ and AG isolated from larch wood were confirmed by FTIR and 13С NMR methods. 
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Peroxide catalytic fractionation of larch wood  
The promising approaches for wood biorefinery include, as a key stage, woody biomass fractionation on 
polysaccharides and lignin and their subsequent transformation to chemicals and liquid biofuels. 
The known ways of lignocellulosic biomass fractionation can be divided into two groups. In one of them 
the cellulose and hemicelluloses are removed and the lignin remains as a rest, another includes methods in which the 
lignin is removed. 
Reductive catalytic fractionation is the known way to separate lingocellulosic biomass into lignin-based 
soluble mono-, di- and oligomers while retaining most of the carbohydrates in the pulp (Van den Bosch et al. 2015; 
Schutyser et al. 2015; Anderson et al. 2016).  
Catalytic oxidation of lignins by molecular oxygen in alkaline medium allows to separate lignocellulosic 
biomass on aromatic aldehydes (mainly vanillin and syringaldehyde) and cellulose (Tarabanko et al. 2017). 
Peroxide catalytic oxidation of hardwood and softwood in acetic acid – water medium enables to achieve 
the effective separation of wood biomass components on microcrystalline cellulose and soluble products from lignin 
and hemicelluloses (Kuznetsov et al 2008, 2009, 2015). 
In earlier works, the authors proposed to carry out the catalytic fractionation of larch wood on cellulose and 
soluble lignin in a "hydrogen peroxide-acetic acid-water" medium at temperatures of 120-130 ° C and increased 
pressure in the presence of catalysts H2SO4, H2MoO2 and Fe2(MoO4)3 (Kuznetsov et al. 2008; Kuznetsova et al. 
2005; Kuznetsova et al 2005). In recent studies the authors demonstrated the possibility an effective catalytic 
fractionation of aspen wood (Kuznetsov et al. 2013), birch wood (Garyntseva et al. 2015), fir wood (Kuznetsov et al. 
2017) on microcrystalline cellulose and soluble lignin under mild conditions (temperature 100 ° C, atmospheric 
pressure). This was achieved by reducing the contribution of diffusion limitations of the delignification process 
when the hydromodule and the size of wood particles were decreased and the intensive mixing of the reaction 
medium was used. The high catalytic activity in the peroxide delignification of birch wood and abies wood at mild 
conditions demonstrated the suspended catalyst TiO2 (Garyntseva et al. 2015; Kuznetsov et al. 2017). 
In this study, the peroxide delignification process, catalyzed by TiO2 was used for fractionation on MCC 
and soluble products the larch wood from which the DHQ and AG were removed. The successful replacement the 
dangerous H2SO4 catalyst and the expensive Mo catalyst on non-toxic and non-corrosive TiO2 catalyst in peroxide 
fractionation of extracted larch wood under mild conditions was demonstrated. The optimal process conditions 
providing a high yield of cellulose with low content of residual lignin were determined. 
To optimize the process of extracted larch wood peroxide fractionation in the presence of TiO2 catalyst the 
influence of temperature, concentrations of hydrogen peroxide and acetic acid, liquid/wood ratio, time on the 
dynamics of lignin removal from wood was studied.  
The increase of temperature from 70 °C to 100 °C, concentrations of H2O2 from 3 wt% to 6 wt%, 
CH3COOH from 15 wt% to 35 wt% and LWR from 5 to 15 reduces significantly the content of residual lignin and 
of hemicelluloses in the cellulosic product (Table 2). But at the same time the yield of cellulosic product is 
decreased. The oxidative destruction of lignin, hemicelluloses and the amorphous part of cellulose in wood is 
accelerated when delignification temperature increased from 70 to 100 °C. 
Delignification of larch wood at 70 °C during 4 h gives 60.2 wt% yield of cellulosic product containing 
68.4 % of cellulose and 24.2 % of lignin. When raising the temperature to 100 °C, the yield of cellulosic product 
decreased to 44.2 wt%. The maximum content of cellulose in the product (93.1 %) was detected after 4-hour 
delignification of larch wood at 100 °C. Under such conditions, the residual lignin was actually absent in this sample 
and hemicelluloses amount was 5.8 %.  
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Table 2 Impact of delignification temperature on the yield and composition of cellulosic product obtained from 
extracted larch wood (CH3COOH 25 wt%, H2O2 5 wt%, LWR 15, TiO2 1 wt%) 
Temperature, 
оС 
Time, h 
Yield of cellulosic product, 
wt%* 
Composition of product, wt%** 
Cellulose  Hemicellulose  Lignin  
70 1 63,6 64,7 8,1 26,7 
70 2 61,8 66,6 7,6 25,3 
70 3 61,0 67,5 7,0 25 
70 4 60,2 68,4 6,9 24,2 
80 1 63,4 64,9 8,2 26,4 
80 2 59,9 68,7 8,1 22,7 
80 3 57,3 71,9 7,9 19,7 
80 4 56,0 73,5 6,5 19,5 
90 1 58,2 70,8 6,9 21,8 
90 2 56,6 72,7 6,4 20,4 
90 3 53,5 77,0 6,3 16,2 
90 4 48,9 84,1 5,9 9,5 
100 1 53,5 77,0 6,5 16 
100 2 45,0 91,5 6,0 2 
100 3 44,6 92,3 5,9 1,3 
100 4 44,2 93,1 5,8 0,6 
* on abs.dry wood, ** on abs.dry product 
 
The influence of H2O2 concentration on cellulosic product yield and its composition was studied at 100 °C 
(Fig. 2). In the presence of 2.0 wt% of H2O2 the yield of cellulosic product is 77.9 wt%, but it has a rather high 
content of residual lignin (17.4 %). When the concentration of H2O2 increases, the content of residual lignin reduces, 
but the yield of cellulosic product is reduced simultaneously.  
At the high H2O2 concentration, the oxidation of wood carbohydrates occurs along with the oxidation of 
lignin. According to the data obtained, the optimum concentration of H2O2, corresponding to the high yield of 
cellulosic product (near 45 wt% on a.d.w.) and low lignin content in the cellulosic product (0.6 – 4.5 wt% on a.d.p.) 
is 4–6 wt% (Fig. 2).  
 
1 – cellulose, 2 – yield, 3 – hemicelluloses, 4 – lignin  
Fig. 2 Impact of concentration of H2O2 on the yield and composition of cellulosic products obtained from extracted 
larch wood (CH3COOH 30 wt%, 1 % TiO2 catalyst, 100 °C, time 4 h) 
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The increase of acetic acid concentration in reaction mixture decreases the yield of cellulosic product along 
with the reduction in residual lignin content (Fig. 3). While acetic acid concentration was increased from 15 to 35 
wt%, the yield of cellulosic product decreased from 50.1 up to 45.0 %. Simultaneously, the content of cellulose in 
cellulosic product significantly increased from 85.3 up to 95.2 %. The concentration of acetic acid has also a strong 
influence on the residual lignin content. Its amount reached 9.5 % in the presence of 15 % wt of acetic acid and was 
lowered to 0.3 % when 35 % wt acetic acid was used. Experimental data presented in Fig. 3 show that the optimum 
concentration of acetic acid is nearly 25 wt% This concentration allows to reach the rather high yield of cellulosic 
product (45.7 wt%) with high amount of cellulose (93.3 %) and low content of residual lignin (1.7 wt%).  
 
1 – cellulose, 2 – yield, 3 – hemicelluloses, 4 – lignin  
Fig. 3 Impact of concentration of СН3СООН on the yield and composition of cellulosic products obtained from 
extracted larch wood (H2O2 6 wt%, 1 % TiO2 catalyst, 100 °C, time 4 h) 
 
The value of the liquid/wood ratio (LWR) also allows controlling both the yield and composition of 
cellulosic products (Fig. 4). At liquid/wood ratio of 15–20 they have low content of residual lignin. The reduction in 
LWR to 10 increases both the amount of cellulosic product (48.5 %) and residual lignin concentration (6.4 %). A 
possible reason is a hindered diffusion of lignin oxidation products from wood to solution at low LWR. As a result, 
the small molecules of lignin oxidative fragmentation are re-condensed to so-called pseudo lignin (Hu et al. 2012). 
According to obtained data an optimal LWR value for studied process of larch wood delignification is equal to 15. 
 
1 – cellulose, 2 – yield, 3 – hemicelluloses, 4 – lignin  
Fig. 4 Impact of LWR on the yield and composition of cellulosic products obtained from larch wood (H2O2 6 wt%, 
CH3COOH 30 wt%, 1 % TiO2 catalyst, 100 °C, time 4 h) 
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The kinetic study of larch wood peroxide catalytic delignification in the temperature range 70–100 °C was 
accomplished. The variation of lignin concentration in the cellulosic product was used for calculating the rate 
constants of delignification process. It was found that the process of peroxide delignification of larch wood in the 
presence of TiO2 catalyst is described by the first order equations (Fig.5). 
 
Fig.5 Dynamic of lignin isolation from extracted larch wood in the presence of 1 % TiO2 catalyst (H2O2 5 wt%, 
CH3COOH 25 wt%, LWR 15) 
The calculated rate constants of larch wood peroxide delignification are presented in Table 3. 
Table 3 Rate constants of extracted larch wood peroxide delignification (H2O2 – 6 wt%, CH3COOH – 30 wt%, 
catalyst TiO2 – 1 wt%, LWR – 15)  
Temperature, °С k 10-4,  с-1 
70 0,10 
80 0,28 
90 0,68 
100 2,84 
 
The activation energy of larch wood peroxide delignification process was determined using temperature 
dependence of the rate constants in Arrhenius coordinates (Fig. 6). The rather high value of activation energy (88 
kJmol-1) points on the minor contribution of external diffusion limitations at the used conditions of larch wood 
peroxide delignification in the presence of TiO2 catalyst. 
 
Fig. 6 Temperature dependence of rate constants of extracted larch-wood peroxide delignification (H2O2 6 wt%, 
CH3COOH 30 wt%, LWR 15, 1 wt% TiO2) 
The similar kinetic parameters of peroxide delignification of aspen wood, birch wood and abies wood 
(Kuznetsov et al. 2017) (the first order equations, the comparable rate constants and values of activation energy) 
point to the identical mechanism of delignification processes in the presence of H2SO4 and TiO2 catalysts.  
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The numerical optimization of the process of larch wood peroxide delignification in the presence of TiO2 
catalyst was carried out with the use of Statgraphic application software, according to earlier described procedure 
(Sudakova et al. 2013). The main purpose of the analysis was to find conditions for the most complete removal of 
lignin from wood, while maintaining a sufficiently high yield of cellulosic product. 
As independent parameters, the following factors have been selected: X1 – the H2O2 concentration in 
reaction solution, wt%; X2 – liquid to wood ratio. The other process parameters were fixed: temperature 100 °C, 
concentration of acetic acid 30wt %; TiO2 1wt %, time 4 h. 
The following output parameters for optimization were selected: Y1 – the cellulosic product yield, wt%; Y2 
– the cellulose content in the product, wt%; Y3 – lignin content in the product, wt%. 
Optimization was performed with the use of generalized parameter of optimization (Wa) which was 
calculated using the following equation: 





p
1j
p
1j
δj
δjdj
Wa
 
where  – the weight of the output parameter 0 j 1; dj – private utility function which was calculated 
using the following equation: 
   
   
yy
φ
jj
j
o
yx
dj





 
Where φ0(x) – the response of output parameter at the point X; yj (+), yj(-) – the best and worst values of the 
output parameters, within the studied region. 
Table 4 presents the data on conditions and results of experiments for the calculation of generalized 
parameter of optimization. When choosing weights , it was assumed, that the residual lignin content is the most 
important parameter. For this reason this parameter got the weight equal 1. The weights of such parameters as yield 
of cellulosic product and cellulose content in the product were choosing equal 0.5. 
 
Table 4 Matrix for planning of the experiments on larch wood delignification, the results of dispersion analysis, the 
utility functions and the generalized parameter of the optimization 
Experimental 
number 
Х1 Х2 Y1 Y2 Y3 d1 d2 d3 Wa 
1 2 10 62,1 71,3 25,7 0,9526 0,0120 0,0280 0,2552 
2 4 10 51,7 82,8 11,1 0,4053 0,4720 0,5560 0,4974 
3 6 10 48,5 87,6 6,4 0,2368 0,6640 0,7440 0,5972 
4 2 15 54,2 77,9 17,4 0,5368 0,2760 0,3040 0,3552 
5 4 15 47,2 90,5 4,5 0,1684 0,7800 0,8200 0,7564 
6 6 15 44,9 93,8 0,6 0,0474 0,9120 0,9760 0,7279 
7 2 20 50,8 84,8 10,7 0,3578 0,5520 0,5720 0,5135 
8 4 20 45,4 93,3 2,2 0,1556 0,8920 0,9120 0,6471 
9 6 20 44,6 95,9 0 0,0316 0,9960 0,9989 0,7179 
Y(-)   44 71 25     
Y(+)   63 96 0     
δ   0,5 0,5 1,0     
 
Table 5 shows the results of analysis on the influence of the main factors on the generalized parameter of 
optimization Wa. 
Table 5 Analysis of variances for Wa . 
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Dispersion source Sum of squares df F-Ratio P-Value 
A:X1 0,140791 1 26,87 0,0139 
B:X2 0,0465873 1 8,89 0,0585 
AA 0,0223943 1 4,27 0,1305 
AB 0,00473344 1 0,90 0,4120 
BB 0,011285 1 2,15 0,2385 
 
Analysis of variances showed that the effect of both factors X1 and X2 on the generalized parameter of 
optimizationis statistically significant (P-Value less than 0.05 and the confidence levels above 95%). 
As a result of mathematical processing the following regression equation was obtained: 
Wa = -1,1927 + 0,3398X1 + 0,1215X2 - 0,0264X12 -0,0034X1X2 - 0,0030X22 
Response surface of the generalized parameter of the optimization is presented on Fig. 7. 
 
Fig. 7 Response surface of the generalized parameter (Wa) of the optimization of larch wood peroxide 
delignification with TiO2 catalyst: X1 – initial concentration of H2O2, X2 – liquid to wood ratio 
 
It was found, that the generalized parameter of the optimization is set to 0.752. This corresponds to the 
following optimal parameters of larch wood delignification process: temperature 100 °C, concentrations of H2O2 6.0 
% wt. and of CH3COOH 30 % wt., LWR 15, duration 4 h. 
Cellulosic product obtained by peroxide fractionation of extracted larch wood at optimal condition with an 
yield 44.2 wt% has the following composition (wt%): cellulose 93.1, hemicelluloses 5.8, lignin 0.6. According to 
FTIR, XRD and SEM data the structure of this cellulosic product corresponds to that of commercial microcrystalline 
cellulose (Fig. 8, 9, 10). 
 
Fig. 8 FTIR spectra of cellulosic product from extracted larch wood (a) and of commercial microcrystalline 
cellulose Vivapur (b)  
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In FTIR spectrum of cellulosic product from larch wood the adsorption band, which corresponds to either 
the acetyl or uronic ester groups of hemicelluloses (Xiang et al. 2016) appears in the region 1700–1740 cm-1. This 
fact indicates the presence of residual hemicelluloses in the cellulosic product from extracted larch wood. 
 
 
Fig. 9 Diffraction patterns of cellulosic product from extracted larch wood (a) and of commercial microcrystalline 
cellulose Vivapur (b) 
 
Crystallinity index of cellulose from extracted larch wood, calculated as in paper (Park et al. 2010) is equal 
to 0.7.  
 
a b 
  
Fig 10 SEM images of cellulosic product from extracted larch wood (a) and of commercial MCC Vivapur 101 (b)  
 
According to GC-MS data the soluble products of extracted larch wood peroxide fractionation contain only 
small amounts of aromatic compounds, indicating deep oxidation of phenylpropane units of lignin at studied process 
conditions. It is possible that the hydroxyl and peroxide radicals generated from H2O2 on the surface of TiO2 catalyst 
can diffuse through the liquid reaction medium to the wood particles and to execute the oxidative destruction of 
lignin via homolytic mechanism (Kuznetsov et al. 2008).  
Thus, the results of the study demonstrate the possibility of effective fractionation of extracted larch wood 
biomass into microcrystalline cellulose and soluble products from lignin under mild conditions (100°C, atmospheric 
pressure) in the medium “H2O2–CH3COOH–H2O–TiO2 catalyst”.  
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Development of the scheme of green biorefinery of larch wood 
In our previous papers (Kuznetsov et al. 2013; Kuznetsov et al. 2013) it was suggested to use as a key 
process of biorefinery of low-grade wood the peroxide catalytic fractionation of wood biomass on polysaccharides 
and lignin. 
Based on this approach the scheme of green biorefinery of larch-wood biomass is proposed which 
integrates the optimized processes of biomass fractionation on DHQ, AG, MCC and soluble lignin. Polysaccharides 
and lignin are further processed with obtaining of bioactive sulfated polysaccharides and nanoporous materials 
(Fig.11).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11 Suggested scheme of green biorefinery of larch wood 
 
Described in this study new methods of DHQ and AG extraction from larch wood, catalytic peroxide 
fractionation the extracted wood on MCC and soluble lignin use such non-toxic agents, as water, ethanol, hydrogen 
peroxide, acetic acid. 
For the synthesis of MCC and AG sulphates, we proposed yearly to use a low-toxic sulfamic acid and urea 
instead of dangerous and corrosive sulfating agents (Kuznetsov et al. 2015; Kuznetsov et al. 2017). 
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MCC sulfates are obtained as ammonium, sodium and potassium salts: 
 
AG sulfates are obtained as ammonium and sodium salts (Kuznetsov et al. 2017):  
 
Sulfated arabinogalactan can be used as water-soluble polymer for drug delivery. 
On the basis of sulfated AG and MCC the new bioactive polymers, containing Cu2+ ions and amino-acids 
were synthesized by ion-exchange method. 
The following scheme of obtaining the functional polymers of AG sulfates was used (Kuznetsov et al. 
2017): 
 
R – ion-exchange resin with –SO3H-group, X – Cu2+, amino-acids: glycine, ornithine, histidine, arginine, AG – 
arabinogalactan. 
Procedure of functional polymers synthesis included the following steps: 
 Substitution of Na+ on H+ in the resin 
 Sorption of Cu2+ ions or amino-acids on SO3H-groups of resin. 
 Ion exchange of NH4+ groups of sulfated AG on Cu2+ cations or on protonated amino-acid. 
Copper-containing sulfates of AG are the water-soluble powders which form the transparent films with 
green color after water evaporation. Analysis of EPR spectra showed that these polymers contain the isolated and 
interacting Cu2+ ions (Kuznetsov et al. 2017). The concentration of isolated Cu2+ ions decreases with the growth of 
copper content is sulfated AG. It was proposed that the isolated Cu2+ ions are fixed on AG areas with low 
concentration of sulfate groups, but and they form salt-like structures on the AG areas with high concentration of 
sulfate groups. 
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Ion-exchange method was firstly used for synthesis of water-soluble copper-containing sulfates of 
microcrystalline cellulose (Сu-MCS). The copper content in the obtained Сu-MCS samples is 12.6-14.1%. The 
absence of sodium in the obtained polymer shows complete substitution of sodium cations on the copper cations in 
the sodium salt of MCC sulfate. The structure of the copper-containing sulfates of MCC was studied by XRD, FTIR, 
EPR and AFM methods. It was shown by XRD, that Сu-MCS and the sodium salt of MCC sulfate had amorphous 
structure in contrast to the samples of the original MCC, with a high degree of crystallinity. FTIR spectrum of 
copper-containing MCC sulfate was similar to spectrum of sodium salt of MCC sulfate. According to EPR data 
there is a formation of copper-containing salt system with a pseudo-crystalline structure in the samples of Сu-MCS. 
As shown by atomic-force microscopy, the surface of the Сu-MCS films consists of homogeneous crystallites which 
have a spherical or slightly elongated form with average size of about 70 nm (Fig. 12). Surface of the film is 
homogeneous and it contains no impurities. 
a b 
  
 
Fig. 12 AFM images of film of copper-containing MCC sulfate with Cu content 14.1 wt% (a – relief, b – phase 
contrast) 
 
The water-soluble derivatives of sulfated arabinogalactan with amino acids glycine, ornithine, histidine and 
arginine were prepared by ion exchange method (Vasilyeva et al. 2016; Vasilyeva et al. 2016). From the analysis of 
FTIR spectra it is concluded that the resulting compounds contain the negatively charged sulfated arabinogalactan as 
an anion and the protonated forms of amino-acids – as a cations. In particular, the following two-stage scheme was 
used for glycine fixation on sulfated AG(Vasilyeva et al. 2016):  
 
 
 
Synthesis of complexes of ornithine, histidine, arginine with sulfated AG was carried out by similar scheme 
(Vasilyeva et al. 2016; Vasilyeva et al. 2016).  
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The soluble lignin formed in the process of peroxide fractionation of larch wood is a light brown powder, 
its yield reached 9-9.5 wt% on abs. dry wood. Elemental composition of lignin (wt%): С – 46.58, Н – 3.79. The 
simplest way of this lignin utilization is the obtaining of nanoporous materials.  
The properties of enterosorbents obtained by alkaline treatment of peroxide lignins obtained from abies, 
aspen and birch wood were studied early by authors (Garyntseva et al. 2011). The optimum method of 
enterosorbents obtaining includes the treatment of peroxide lignins by the 0,4 % solution of NaHCO3. The 
adsorption activity of obtained enterosorbents (34.7-39.0 % for iodine, 88.4-89.2 mg/g for methylene blue and 
183.0-212.0 mg/g for gelatin) is similar to adsorption activity of commercial enterosorbent “Polyphepan”. The yield 
of enterosorbents is 73.4–76.1 % on the weight of initial lignin. Their characteristics correspond to pharmacological 
standards. It can be expected that enterosorbents derived from larch wood lignin by the same way will possess by 
similar properties. 
For obtaining from lignin the nanoporous carbon the method of thermal activation can be used (Kuznetsov 
et al. 2015). It was found that a partial gasification of wood and lignin in molten sodium and potassium hydroxides 
allow to obtain the active carbons with developed porous structure. The textural characteristics of active carbons, 
such as specific surface area, pore volume, macro-meso-micropores ratio, can be controlled by varying the nature of 
the alkali and its content in the mixture (Kuznetsov et al. 2015).  
The other possible way of lignin utilization is the preparation of organic and carbon aerogels (Aegerter et 
al. 2011). They are highly porous materials combining a number of unique characteristics such as light weight, high 
surface area and adjustable mesoporosity. Carbon aerogels may be used as high surface area adsorbents or catalyst 
supports (Serp and Figueiredo 2009; Celzard et al. 2012; Szczurek et al. 2010; Job et al. 2006) and as electrodes for 
double-layer capacitor (Amaral-Labat et al. 2012; Calvo et al. 2014). 
Yearly it was suggested to use lignin for preparation of highly porous organic tannin-lignin aerogels 
(Grishechko et al. 2013). So, the synthesis of new organic and carbon aerogels with the use of larch wood lignin is 
the promising area of its potentional application. 
The obtained results in the field of larch biomass processing to valuable chemicals and functional organic 
materials open new opportunities in green biorefinery of larch wood. 
 
Conclusion 
The new approach to green biorefinery of larch-wood is described, which allows to obtain a more wide 
range of demanded products as compared to known methods of larch wood processing. 
The suggested scheme of green biorefinery of larch-wood integrates the optimized methods of biomass 
fractionation on DHQ, AG, MCC, soluble lignin and subsequent processing of polysaccharides to bioactive 
polymers and lignin to nanoporous materials. 
Described in the present paper the new methods of DHQ and AG extraction from larch-wood, peroxide 
catalytic fractionation of extracted wood on MCC and soluble lignin along with early described original methods of 
obtaining of bioactive sulfated polysaccharides and nanoporous materials from lignin use such non-toxic and less-
toxic reagents, as water, ethanol, hydrogen peroxide, acetic acid, sulfamic acid, urea. 
The developed green method of one-step obtaining of DHQ and AG based on the water-ethanol extraction 
of larch wood allow to obtain simultaneously the both compounds with high yields. 
Based on kinetic studies and mathematical optimization of the process of extracted larch-wood peroxide 
delignification in the presence of green catalyst TiO2 the optimal conditions of wood effective fractionation on MCC 
and soluble lignin were selected. 
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For green synthesis of bioactive functional polymers on the basis of sulfated MCC and AG we suggest to 
use non-dangerous sulfamic acid-urea mixture and methods of ion-exchange in water solutions. 
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